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FIGURE 7 
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FIGURE 9 
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Research leading to the present invention was supported 
in parts by the Advanced Research Projects Agency Contract 
No. LSC-EE209701. The U.S. government therefore has 
certain rights in the invention. 
FIELD OF THE INVENTION 
This invention generally relates to a conversion process in 
which waste materials are transformed into useful products 
in the presence of water and additives under supercritical 
and near critical conditions for water. These products may be 
used as a source of fuel or raw materials. 
BACKGROUND OF THE INVENTION 
Supercritical water oxidation (SCWO) has been demon 
strated to be effective in the destruction of hazardous and 
toxic wastes. This chemical oxidation process takes place at 
temperatures above 374.15° C. and 22.1 MPa. High destruc 
tion efficiencies (>99.99%) over relatively short residence 
times (on the order of seconds to minutes) are achieved due 
to the high solubility of organic compounds and oxygen, 
alleviating mass transfer hindrances. Residual organic com 
pounds, such as acetic acid, are relatively harmless and may 
be treated readily by conventional treatment techniques. 
SCWO is currently being investigated to address the 
disposal of chemical warfare agents and munitions which 
are stored at several sites within and outside the U.S. The 
stockpile of chemical agents and munitions consists of 
several nerve and blistering agents as well as explosives or 
energetic materials. Dimethyl methylphosphonate, DMMP 
(CHFOP), is a simulant selected by the Department of 
the Army to study the behavior of the nerve agent GB, or 
Sarin (CHFO.P). These two compounds are similar in 
structure and properties; DMMP may be used to study the 
potential fate of GB during SCWO, without producing 
harmful by-products, in particular, hydrogen fluoride gas. 
The present invention resulted from the study of DMMP 
under SCWO conditions. 
FIG. 1 summarizes the reaction pathways for hydrolysis 
and oxidation of DMMP and its by-products. DMMP is 
base-hydrolyzed to form MPA and methanol at ambient 
conditions (Hudson et al., 1956). This pathway was con 
firmed in a kinetic study of hydrolysis/pyrolysis runs of 
DMMP in SCWO (Turner, 1993). As shown in equation A of 
FIG. 1, methanol and MPA were observed to form in a 2:1 
ratio. 
MPA may undergo hydrolysis or oxidation in supercritical 
water. The structure of MPA appears to meet criteria set in 
previous studies for compounds which are readily hydro 
lyzed in supercritical water (Klein et al., 1990; Townsend et 
al., 1988). Since the C atom is saturated and bonded to the 
heteroatom phosphorus, attack appears to occur at the P-C 
bond, producing phosphoric acid and methane as shown in 
equation B of FIG. 1. At least one previous study did not 
show this reaction pathway to be significant in kinetic 
studies of the supercritical water oxidation of DMMP 
(Turner, 1993). Significant quantities of methane do not 
appear to have been detected in hydrolysis and oxidation 
tests performed at supercritical temperatures. 
Free radical oxidation of MPA was studied at ambient 
conditions by Mill and Gould (1979). Oxidation of MPA 
appears to have been found to produce carbon dioxide, 














conducted by Turner (1993) also stated carbon dioxide, 
water, phosphates, carbon monoxide as well as methanol as 
by-products of MPA oxidation in supercritical water as 
shown in equation C of FIG. 1. 
Oxidation of methanol may result in the intermediate 
production of carbon monoxide and water and further reac 
tions producing carbon dioxide and hydrogen may occur 
(Webley and Tester, 1989). The concentration (% by vol 
ume) of off-gas appears to have been less than 0.01. How 
ever, significant hydrolysis of methanol does not appear to 
have been observed in kinetic studies by Turner (1993). The 
oxidation of methanol is shown in equations E, F and G in 
FIG. 1. Carbon monoxide oxidation in supercritical water is 
shown in equation G (Holgate et al., 1992). A parallel 
water-gas shift reaction, not shown in FIG. 1, was observed 
to occur. The water-gas shift reaction occurs in the absence 
of oxygen (typical in reactor heat-up conditions) whereby 
CO reacts with water to form CO and H. Researchers 
found that 1.4-23% of CO conversion was due to the 
water-gas shift reaction. Methane oxidation in supercritical 
water has been studied by Webley and Tester (1991). As 
indicated in equation D of FIG. 1, carbon dioxide was a 
major by-product found, although trace amounts of carbon 
monoxide and hydrogen were detected. Hydrogen genera 
tion was attributable to water-gas shift reactions. 
The properties of supercritical water have been demon 
strated to change in the presence of additives. By altering the 
reaction medium, reaction mechanisms may be modified. 
For example, typical reactions which take place in super 
critical water are homolyric in nature, whereby free radicals 
are formed. This is due to several properties of supercritical 
water, in particular, its low dielectric constant, dissociation 
constant and low density. Homolyric reaction mechanisms 
are not very selective, accounting for the high reactivity of 
free radicals. Heterolytic reaction mechanisms, on the other 
hand, are ionic in nature and are readily acid- or base 
catalyzed. Hydrolysis reactions are typically heterolytic 
mechanisms. Because of their ionic nature and the non-polar 
environment of supercritical water, heterolytic reactions are 
not readily supported in supercritical water. However, by 
altering the properties of supercritical water, hydrolysis 
reactions may be enhanced. Heterolytic chemistry has been 
shown to prevail when K210' while homolyric chem 
istry (free radical) prevails when KCC10' (Antal et al., 
1987). 
At densities above 0.3 g/mL to 0.4 g/mL and at tempera 
tures lower than 500 C., supercritical fluid retains its ionic 
properties (Antal et al., 1987; Xu et al., 1990). Hydrolysis 
and oxidation of acetamide in supercritical water was stud 
ied by Lee and Gloyna, (1990) at densities between 0.090 
and 0.135 g/mL. The dielectric constant was varied between 
1.5 and 5.5 and K was varied between 10' and 10' 
Researchers indicated no effect of e or K on the hydrolysis 
of acetamide. Therefore, it was concluded, there is little 
dependence of hydroxyl or hydronium ions on the reaction 
since the concentration of these ions was so small. Since it 
was believed that ionic mechanisms responsible for the 
observations could not be supported in the low density 
environment due to the lack of an ionized species required 
for nucleophilic attack, it was proposed that the water 
molecule serves as the nucleophile in acetamide hydrolysis. 
Others proposed this mechanism for the hydrolysis of diben 
zyl ether (DBE) and phenethyl phenyl ether (PPE) (Klein et 
al., 1990). 
Pyrolysis and hydrolysis of dibenzyl ether (DBE) and 
benzyl phenyl amine (BPA) in supercritical water appeared 
to indicate an increase in the selectivity of the hydrolysis 
5,565,616 
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by-products upon the addition of sodium chloride (Torry et 
al., 1991). The selectivity was observed up to a certain 
concentration of salt when the presence of a second phase 
inhibited hydrolysis. Further, increased water density was 
found to increase the dielectric constant in supercritical 
water and stabilize the polar hydrolysis transition state over 
less-polar reactants (Townsend and Klein, 1985). Hydrolysis 
studies of guaiacol in supercritical water showed the ability 
of supercritical water to support heterolytic chemistry in 
addition to free radical mechanisms (Huppert et al., 1989). 
Japanese Patent.JP5031000 relates to a method compris 
ing selectively hydrolysing and/or pyrolysing natural or 
synthetic high molecular compounds using water under 
supercritical or subcritical conditions as solvent. British 
Patent BR 8204075 relates to the production of synthesis gas 
carried out by reacting a hydrocarbon with steam and 
optional O, in a steam reformer or partial oxidation gasifier. 
The reported improvement relates to reducing and control 
ling the H/CO ratio in the synthesis gas. 
German Patent DE 4215087 relates to the recovery of 
caprolactam monomer from polycaprolactam by high pres 
sure hydrolysis of the polymer with 5-30 wt.% water at 
200°-350° C. followed by recovery of monomer from the 
resulting aqueous solution or suspension, including hydroly 
sis reportedly effected in the presence of an alkali hydroxide 
at pH 5-10. WO9322490 relates to the recovery of inor 
ganic processing chemicals, in the form of bicarbonates 
and/or carbonates from waste liquid in the production of 
cellulose by the organo-solvent process involving partial or 
complete oxidation of organic components in the aqueous 
phase with air and/or oxygen. 
U.S. Pat. No. 5,133,877 relates to conversion of hazard 
ous materials using supercritical water oxidation. U.S. Pat. 
No. 4.483,761 relates to the addition of light olefins in the 
cracking of hydrocarbons. U.S. Pat. No. 3,984,311 relates to 
the use of a mixture of nitrate and iodide or bromide ions in 
wet oxidation. U.S. Pat. No. 4,212,735 relates to the addition 
of a transition metal ion to the nitrateliodide (bromide) 
system. U.S. Pat. No. 5,232,604 refers to the nitratefiodide 
(bromide) system as undergoing oxidation/reduction reac 
tions and are therefore reactants. This patent also refers to 
the reported addition of a caustic material such as NaOH to 
a reactor for neutralizing acids and producing salts which 
precipitate in the reactor. Methane was reportedly produced 
in catalyzed hydrothermal treatment of p-cresol and methyl 
isobutyl ketone (Baker et al., 1989). 
Wet oxidation processes (both supercritical and subcriti 
cal water oxidation) convert complex organic compounds 
into simpler structured compounds. Typically, at supercriti 
cal condition, the complete conversion results in carbon 
dioxide, water, and mineral acids. An ideal wet oxidation 
process operating at near self-sustaining conditions typically 
requires an organic load of 5 wt % (about 50 g/L chemical 
oxygen demand). However, wet oxidation of relatively con 
centrated organic wastes imposes three basic concerns: (1) 
excessive corrosion by the mineral acids produced from the 
process; (2) long reactor residence times to achieve high 
organic conversions; and (3) increased consumption of 
high-pressure oxygen. 
A goal of the present invention is control of the wet 
oxidation process so that incompletely oxidized intermedi 
ate compounds are optimally produced and recovered. 
SUMMARY OF THE INVENTION 
The present invention addresses these and other concerns 














SCWO. A controlled hydrothermal process demonstrated by 
the present invention reduces the extent of oxidation, gen 
erates useful and recoverable products, alters product dis 
tributions, promotes product yield, and enhances reaction 
rates. This process permits the conversion of waste materials 
into useful products. At the same time, this process, as 
compared to conventional subcritical and supercritical water 
oxidation processes, requires much less oxidant and imposes 
a lesser corrosive impact on processing equipment. The 
additives alter product distributions and neutralize or con 
sume mineral acids. 
The present invention provides for a method of producing 
an alkane comprising the steps of obtaining a reactant 
comprising an alkyl bound to a heteroatom, mixing with the 
reactant an additive reacting with the heteroatom or an 
oxidized heteroatom form to produce a salt insoluble in 
supercritical water and allowing the mixture to react in 
supercritical or near critical water and at an oxygen con 
centration favoring alkane production whereinformation of 
insoluble salt effects an equilibrium shift favoring alkane 
production. 
The term "heteroatom' as used herein generally means 
any atom other than carbon, hydrogen or oxygen. A het 
eroatom or an oxidized heteroatom form, for example, forms 
polar salts with cations, the salts being characteristically 
insoluble in supercritical water. Preferred heteroatoms 
include phosphorus, sulfur, nitrogen, arsenic, selenium and 
halogens. A halogen may be the halogen of chlorocarbons or 
chlorofluorocarbons, for example. Most preferred heteroat 
oms are phosphorus, sulfur or nitrogen. For these embodi 
ments, the oxidized heteroatom form is phosphate, sulfate or 
nitrate. Near critical conditions for water means those tem 
peratures and pressures at which solubilities defined for 
supercritical conditions are substantially the same. Tempera 
ture ranges may be from about 350° C. to about 500° C. 
The term "additive' refers to a substance added to a 
reaction medium that reacts with a heteroatom or an oxi 
dized heteroatom form to produce a salt that is insoluble 
under supercritical conditions and therefore, precipitates. A 
most effective additive is preferably but not necessarily 
soluble in the feed. The product may absorb onto a solid 
surface. An additive may be an ionic species, a metal 
hydroxide, carbonate, borate or oxide. The metal may be an 
alkali, an alkaline earth or a transition metal. More preferred 
additives are NaOH, KOH, LiOH, NaCO or NaBO7. A 
most preferred additive is NaOH. The desired products may 
be the precipitate or may be a product remaining in the 
supercritical water phase or in the gas phase. 
The reactant may be a component of wastewater, sludge, 
organic material, halocarbon material, or the reactant may 
comprise dialkyl alkylphosphonate or alkylphosphonic acid. 
One skilled in this artin light of the present disclosure would 
readily understand that various alkyl groups may be bound 
to a heteroatom in a reactant, such as, ethyl, propyl, butyl, 
pentyl, isomers thereof, or alkyl groups having up to about 
20 carbon atoms, for example. Alkyl groups having up to 
about 6 carbon atoms are preferred. Hydrocarbon groups 
equivalent to alkyl would be those that behave similarly, 
such as, benzyl or alkenyl, for example. 
An oxygen concentration optimizing alkane production 
may be an oxygen concentration less than about 20% 
stoichiometric oxygen, or may be less than about 1% sto 
ichiometric oxygen. The alkane produced by the above 
method may be methane, ethane, propane, butane, isomers 




A further embodiment of the present invention is a 
method of converting nitrogen of a nitrogen-containing 
reactant to ammonia. The method comprises the steps of 
mixing an oxidant with the nitrogen-containing reactant and 
allowing the mixture to react under supercritical or near 
critical water conditions at a temperature of between about 
475 C. and 525 C. and for a residence time that maximizes 
production of ammonia. 
Preferably, the temperature is about 500° C. and the 
residence time is from about 6 to 9 seconds. The oxidant 
may be oxygen and may be present in substoichiometric or 
stoichiometric amounts. The reactant may be wastewater, 
sludge or organic material having nitrogen in a reduced 
state, such as amines or aromatic nitrogen. Amines may be 
primary, secondary or tertiary. 
A further embodiment of the present invention is the 
aforedescribed method of converting nitrogen of a nitrogen 
containing reactant to ammonia comprising the further step 
of obtaining the ammonia by including an additive in the 
mixture that forms an ammonium salt. The additive may be 
an acid and, in particular, may be HC. 
Many industrial wastewaters contain fairly concentrated 
organic materials. Since one mole of organic carbon 
approximately reacts with one mole of oxygen and produces 
one mole of carbon dioxide, complete conversion of these 
organics requires a large amount of oxygen and produces an 
equivalent amount of carbon dioxide. Controlled hydrother 
mal reactions provided by the present invention are particu 
larly useful and consequently more economical for process 
ing wastewaters containing relatively high concentration of 
organic compounds. Such utility occurs due to the increased 
concentrations of recoverable by-products. The controlled 
hydrothermal reactions of the present invention may also be 
used for purposeful chemical production of products and the 
feed may be a chemical feedstock. 
BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 shows reaction pathways for hydrolysis and oxi 
dation of DMMP and its by-products. 
FIG. 2 shows the reactor set-up of the present invention. 
FIG. 3 shows the fraction of carbon in by-products of 
DMMP in the absence of additives after five minute resi 
dence time. 
FIG. 4 shows the fraction of phosphorus in by-products of 
DMMP in the absence of additives after five minute resi 
dence time. 
FIG. S shows the fraction of carbon in methane in the 
presence of different additives after five minute residence 
time. 
FIG. 6 shows the fraction of carbon in CO formed in the 
presence of different additives after five minute reactor 
residence time. 
FIG. 7 shows the fraction of carbon in MPA remaining in 
the presence of different additives after five minute reactor 
residence time. 
FIG. 8 shows the fraction of phosphorus in phosphate 
formed in the presence of different additives after five 
minute reactor residence time. 
FIG. 9 shows the fraction of carbon in methanol remain 
ing in the presence of different additives after five minute 
reactor residence time. 
FIG. 10 shows the mass of soluble chromium in samples 














FIG. 11 shows the mass of soluble iron in samples 
collected after reactor cool down. 
FIG. 12 shows ammonia yield in supercritical water 
oxidation of pyridine at 27.6MPa. The residence times were 
as follows: 450° C., 9s, 475° C., 8s; 500° C., 7s and 525 C., 
4s. 
FIG. 13 shows a flow diagram of a laboratory scale, 
continuous-flow SCWO reactor system. 
DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 
The present invention provides for controlled hydrother 
mal processing to produce by-products as opposed to final 
products produced by forcing the complete oxidation of 
starting material. For example, in a limited oxygen environ 
ment, methane, a useful, high-energy content fuel, was 
produced. This production was enhanced using additives. 
The effect of additives on the destruction of dimethyl 
methylphosphonate (DMMP, a model for organic wastes or 
byproducts containing a heteroatom) at supercritical condi 
tions is presented in Example 2 while a control study without 
additives is presented in Example 1. The additives chosen 
were selected to observe their effect on by-product forma 
tion upon the destruction of DMMP in supercritical water. 
Additives that could behave as buffers were selected as 
possibly having the ability to neutralize acidic effluents 
generated during the SCWO process. By neutralizing the 
acidic effluent resulting from certain waste streams, corro 
sion is inhibited, and reactor lifetimes prolonged. Fixed 
conditions included: initial concentration of DMMP, (10,000 
mg/L); residence time, (five minutes); temperature, (450 
C.); and pressure, (27.6 MPa). Variables conditions 
included: the use of three additives (NaOH, NaBO7, 
Na,CO), and three oxygen concentrations (in excess of 
100%, 17% and 0% of stoichiometric demand). Oxidation 
and hydrolysis by-products were identified and quantified as 
a function of oxygen concentration. By-products included 
methyl phosphonic acid, phosphates, and methanol in the 
liquid phase, and methane, carbon dioxide, carbon monox 
ide and hydrogen in the gas phase. The final pH was 
measured and corrosion products, chromium and iron, were 
quantified. 
When greater than the stoichiometric oxygen demand for 
oxygen was supplied in the reaction medium, additives had 
little effect on the overall conversion of DMMP. Carbon 
dioxide generation was just as great in runs conducted with 
additives as with runs conducted without additives. 
Under hydrolysis and partial oxidation conditions, addi 
tives supported the hydrolysis of MPA as evidenced by the 
production of methane. The creation of a more polar reaction 
medium and the relative solubilities of the intermediate MPA 
and the end-product phosphoric acid are two possible rea 
sons explaining the increase in hydrolysis end-products. 
In the presence of an additive, the effluent pH measured 
after a five minute reactor residence time was moderately 
increased by at least 0.5 pH units. 
Upon addition of an additive, the solubility of MPA and 
phosphate decreased in supercritical water. Based on the 
concentration of MPA and phosphate found at supercritical 
conditions, the solubility of these compounds is approxi 
mately, 4,500 mg/L and 30 mg/L, respectively, in the 
absence of an additive; and 550 mg/L and 10 mg/L, respec 
tively, in the presence of NaOH. 
The additive had little effect on the conversion of metha 
nol at all three oxygen concentrations tested. This is most 
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likely due to the fact that methanol undergoes very little 
hydrolysis. 
Inclusion of an additive for alteration of solubilities of 
intermediate products under supercritical or near critical 
conditions to effect the increased production of a product is 
an important aspect of the present invention. The solubilities 
of exemplary inorganic salts and metal oxides in water are 
given in Table 1 for standard temperature and pressure 
conditions, and in Table 2 for supercritical water conditions. 
TABLE 1. 
Properties of Selected Salts and Oxides In Water 
at Standard Temperature and Pressure 
Melting Point Density Solubility 
Compound (°C) (g/cm) (mg/L) (G°C) 
NaCl 801 2.165 391,200 (100) 
NaHCO 270 2.159 164,000 (60) 
Na2CO 851 2.533 455,000 (100) 
Na2SO 884 2.680 283,000 (100) 
Mg(OH) 350 2.360 40 (100) 
NaNO 306.8 2.26 921,100 (25) 
1,800,000 (100) 
NaBO, 741 2.367 87,900 (40) 
NaPO.12HO T3.3-76.7 1.62 1570,000 (70) 
NaHPO-12HO 35.1 1.52 874,000 (34) 
NaH2PO4.2H2O 95 2.066 1,170,000 (80) 
NaOH 318.4 2,130 420,000 (0) 
KOH 360.4 2.044 1070,000 (15) 
1,780,000 (100) 
SiO (Quartz) 1610 2.660 Insoluble 
Al-O 2072. 3.965 Insoluble 
C-Al2O3 2015 3.970 0.98() 
Y-Al2O (1) 35-39 Insoluble 
(1) transition to O-AlO. 
TABLE 2 
Solubilities of Selected Salts and Oxides 
in Supercritical Water 
Temperature Solubility 
Compound Pressure (MPa) (°C) (mg/L) 
NaCl 27.6 500 304 
25.0 450 200 
30.0 500 200 
20.0 450 63 
29.8 4.08 824 
29.8 509 299 
Na2SO4. 27.4 350 70,000 
30.0 450 0.02 
29.8 407 136 
NaHCO 29.8 509 86 
CaCO 24.0 440 0.02 
Mg(OH) 24.0 440 0.02 
NaNO 27.6 450 991 
27.6 475 630 
27.6 500 540 
SiO, 34.5 400 637 
34.5 500 216 
25.0 450 55 
300 450 160 
CuO 31.0 620 0.015 
25.0 450 0,010 
A comparison of data presented in Tables 1 and 2 dem 
onstrate the dramatic decrease in solubility for inorganic 
compounds under SCW conditions versus standard condi 
tions. 
The lowest mass of soluble chromium and iron was 
observed in tests conducted with additives during hydrolysis 
and partial oxidation tests described in Example 3. In the 














soluble chromium and iron is most likely due to the forma 
tion of insoluble chromium and iron species, such as Cr2O3, 
Cr(OH), CrPO, FeO, FeCrO, or Fe(OH); the forma 
tion of a protective layer on the reactor walls; or the 
adsorption of chromium and iron species onto precipitates 
which are insoluble at normal conditions. 
The recovery of ammonia is presented in Example 4. The 
batch process described herein provides only an example of 
the methods of the present invention. Continuous flow 
apparatus as described in U.S. Ser. Nos. 08/003,240,08,142, 
777, 08/184951 and 08/191,390, incorporated by reference 
herein, may be used to accomplish the controlled hydrother 
mal processes of the present invention. 
Unless defined otherwise, all technical and scientific 
terms used herein have the same meaning as commonly 
understood by one of ordinary skill in the art to which this 
invention belongs. Although any methods and materials 
similar or equivalent to those described herein can be used 
in the practice or testing of the present invention, the 
preferred methods and materials are now described. Unless 
mentioned otherwise, the techniques employed herein are 
standard methodologies well known to one of ordinary skill 
in the art. 
EXAMPLE 1 
CONVERSION OF DMMP 
The present example describes the oxidation of DMMP at 
different oxygen concentrations in supercritical water. 
DMMP serves as a model for organic wastes or byproducts 
containing a heteroatom. 
An autoclave bolted closure reactor vessel with a capacity 
of 300 mL, shown in FIG. 2, was used to conduct batch tests. 
This reactor was equipped with sampling and injection 
ports. The sample volume was loaded initially into the 
reactor and heated to achieve the desired density. Since the 
contaminant of concern was injected after the desired test 
temperature and pressure was achieved, sample results were 
not subject to experimental error due to heat-up inconsis 
tencies. Samples could be collected while the reactor was 
operating at supercritical water conditions. This feature 
enabled the collection of multiple samples at different resi 
dence times. Both gas-phase and liquid-phase samples could 
also be collected simultaneously. 
The body of the autoclave was rated for 37.2 MPa (5400 
psi) and was equipped with a pressure gauge, a safety 
rupture disk, and a port through which a thermocouple (B) 
was installed. The cover of the autoclave accommodated a 
cooling coil and sampling line; an injection line; a thermow 
ell (thermocouple A); and an impeller which was driven 
magnetically by a seal-less Magdrive unit. The impeller was 
set at 750 rpm. A furnace which fit over the body of the 
autoclave provided the heat source. The cover of the reactor 
was bolted to the body with six B-16 alloy cap screws. A 
stainless steel gasket was used as a seal between the cover 
and the body of the reactor. 
The injection system consisted of a HEP, Teflon-lined, 
high-pressure generator, rated for 34.5 MPa (5000 psi); a 
reservoir; a pressure gauge; a check valve; and two isolation 
valves. The generator was operated manually by rotating a 
handle. An inverted flask, 125-mL capacity, served as the 
reservoir, and was connected via Teflon tubing to isolation 
valve A. To connect the remaining components of the 
system, stainless steel tubing ID 0.089 cm (0.035 in.) was 
used. A check valve was installed between the generator and 
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isolation valve B to prevent back flow from the reactor into 
the generator. The volume generated by one rotation of the 
generator handle was calibrated at room temperature under 
high pressure conditions. This volume was 0.65 mL/rota 
tion. Pressure increases resulting from the additional volume 
injected during actual tests indicated that the calibrated 
volume was accurate within +10%. 
Once the reactor reached the desired temperature and 
pressure, a pressure equal to the pressure in the reactor was 
generated in the injection system. Isolation valve B was 
opened and the generator handle was rotated five times to 
deliver 3.25 mL of DMMP to the reactor. Then, isolation 
valve B was closed and the stop watch started at t=0. By 
making the injection in five rotations, the initial DMMP 
solution was delivered to the reactor in a short time relative 
to the residence time of the samples and the concentration of 
the initial solution was not made unnecessarily concentrated. 
Gas-phase samples were collected by fastening a 60-mL 
plastic syringe using thin tygon tubing to the vent line that 
was pierced through permanent vial cap. Liquid-phase 
samples were collected simultaneously into a 15-mL sample 
vial screwed into the vial cap. After a residence time of five 
minutes, the sampling valve was opened slowly and liquid 
condensate was collected in the glass vial while the gas 
sample filled the plastic syringe. Within 20 seconds, 50 mL 
of gas was collected in the syringe, removed and clamped 
while the sampling valve was left open to collect approxi 
matcly 15 mL of liquid-phase sample. 
After samples were collected, the chilled water was turned 
on to initiate reactor cool down. Once the reactor was 
cooled, the final pressure and temperature were recorded and 
the excess pressure within the reactor was either released or 
collected for analysis. A 100-mL rinse of hot deionized water 
was then used to rinse the inside of the reactor cover and 
body to dissolve any phosphates which precipitated during 
the reaction. This rinseate was collected for analysis. 
Conversion of DMMP at Different Oxygen Concentra 
tions. Initial tests were conducted to determine the by 
product distribution of DMMP at different oxygen concen 
trations in supercritical water. Hydrolysis (no oxygen in 
system), partial oxidation (17.6% of stoichiometric oxygen 
demand in system) and oxidation (>100% stoichiometric 
oxygen demand in system) tests were performed. No addi 
tive was used in this example. Methanol, MPA, phosphate, 
and carbon dioxide were detected in significant quantities; 
no residual DMMP was detected. Carbon monoxide and 
methane were not detected in quantifiable amounts. The 
fraction of carbon and phosphorus in each by-product was 
calculated based on the mass of carbon or phosphorus in 
each by-product divided by the total mass of carbon or 
phosphorus in all by-products. 
The recovered total mass of carbon and phosphorus 
calculated for each run was 25% higher on average than the 
initial carbon mass and 12% lower that the initial phospho 
rus mass. Errors in mass balance calculations were mainly 
procedural. The error in the carbon mass balance was based 
in part on the uncertainty of the initial concentration of 
DMMP due to dilution within the injection system and on 
the graphite bearing in the reactor shaft. This bearing was 
largely composed of carbon and the wear provided an 
additional source of carbon. Controls were conducted to 
quantify the amount of carbon added by the bearing and the 
data was adjusted accordingly. The low recovery of phos 
phorus was due to difficulties in retrieving precipitated 
phosphorus in the form of phosphates or MPA from reactor 














the study, the percent recovery of phosphorus increased from 
67% to 91%. 
FIGS. 3 and 4 show the fraction of carbon and phosphorus 
in each of the by-products as a function of oxygen concen 
tration. Data reported at 100% of the stoichiometric oxygen 
demand actually were conducted in the presence of sixteen 
times the stoichiometric oxygen demand. As the concentra 
tion of oxygen increased in the reactor, more by-products 
were transformed to oxidation products. This reaction is 
indicated by the increase in CO concentration. Carbon 
monoxide and carbon dioxide are by-products of oxidation 
only while methane is a by-product of hydrolysis only as 
shown in FIG. 1. By-product formation in the gas phase, 
therefore, is indicative of the reaction pathways proceeded 
under different conditions. During hydrolysis tests, reaction 
mechanisms were expected to follow those described in 
equations A and B of FIG. 1. Methanol and MPA were 
produced in the greatest quantities during these tests. These 
compounds are hydrolysis by-products as indicated in equa 
tion A. Only small amounts of methane and phosphate were 
detected, indicating that hydrolysis of MPA (shown in 
equation B) was not significant. 
As the oxygen concentration increased, the amount of 
CO2 and phosphates increased, while methanol and MPA 
decreased. Methane was not detected during these runs in 
significant concentrations. The by-product distributions at 
the various oxygen concentrations suggest that methanol and 
MPA were depleted via oxidation reaction pathways as 
described in equations C and F. The increase in phosphate 
concentration corresponded to the oxidation of MPA. 
Although phosphates were also an end-product of MPA 
hydrolysis, no detectable amount of methane was formed 
indicating that this reaction pathway was not significant. 
EXAMPLE 2 
CONVERSION OF EDMMP AND PRODUCTION 
OF METHANE IN THE PRESENCE OF 
ADDITIVES 
The present example describes the effect various additives 
have on the oxidation of DMMP at different oxygen con 
centrations. In particular, the present example demonstrates 
the utility of including additives in the production of meth 
ane under SCWO conditions. The reaction of methylphos 
phonic acid (MPA) under supercritical conditions water to 
form phosphoric acid and methane is depicted as reaction 
(B) in FIG. 1. 
Fourteen tests were conducted to determine the by-prod 
uct distribution of DMMP during SCWO at different oxygen 
concentrations in the presence of additives. Test conditions 
and procedures were the same as described in Example 1. 
Additive concentrations were based on achieving a 1:1 
molar ratio of Na' ions to DMMP. Based on an initial 
concentration of DMMP of 10,000 mg/L, the initial concen 
trations of each additive were 3,224 mg/L for NaOH, 4,271 
mg/L for Na,CO and 15.4 g/L for NaBO, (as 
NaBO7.10H2O). 
FIGS. 5 through 9 show the fraction of carbon and 
phosphorus in each by-product as a function of oxygen 
concentration after five minutes of reactor residence time. 
Results at each condition were compared to those obtained 
without the additive at the same condition. The presence of 
the additive supported methane production at lower oxygen 
concentrations, suppressed the fraction of MPA remaining at 
low oxygen concentrations, and suppressed the fraction of 
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phosphate remaining in solution at high oxygen concentra 
tions. A higher fraction of CO was observed during 
hydrolysis runs in the presence of the additive while CO 
generation was suppressed during partial oxidation runs. In 
the presence of additives, during oxidation tests, CO gen 
eration was increased slightly. The fraction of methanol 
remaining was not significantly affected by the presence of 
the additive during oxidation tests. 
Sodium phosphate salts are highly insoluble in supercriti 
cal water. The precipitation of the phosphate pulls the 
reaction in the direction of producing more phosphate and 
also more methane. The solubility of these salts in super 
critical water may be only a few parts per million. Therefore, 
during the hydrolysis of MPA, phosphoric acid can be 
precipitated effectively from the reaction phase. 
Increased methane production during the hydrolysis and 
partial oxidation tests in the presence of additives indicates 
support of hydrolysis reaction pathways. As shown in equa 
tion B of FIG. 1, MPA hydrolysis results in the formation of 
phosphate and methane. This reaction pathway was more 
readily supported upon the addition of sodium hydroxide. 
Without being bound by theory, there are two possible 
explanations for the observed support of the hydrolysis 
pathway. First, properties of supercritical water are altered 
upon addition of ionic species. Previous studies have shown 
the amount of hydrolysis by-products to increase in super 
critical water upon addition of ionic species (Huppert et al., 
1989; Weast and Astle, 1982). This phenomenon, as noted in 
previous studies, was due to an increase in the dielectric 
constant or polarity of the solution. Such a solution was 
more supportive of heterolytic reactions. These previous 
tests were conducted near the critical point of water at 
densities of about 0.3 g/cm, densities higher than those 
tested here. As proposed in other studies at lower densities, 
hydrolysis may be accomplished by the addition of H2O as 
a nucleophile in homolyric conditions (Klein et al., 1990; 
Lee and Gloyna, 1990). This may serve as one hydrolysis 
pathway. However, significant hydrolysis was not observed 
in the absence of the additives which suggests that hetero 
lytic pathways were established upon use of the additive. 
In addition, hydrolysis in a heterolytic environment may 
be catalyzed via the addition of hydronium or hydroxide 
ions. Table 1 shows that the pH values after a five minute 
reactor residence time were slightly higher in the presence of 
additives than without additives. This slight increase in pH 
suggests that higher methane concentrations may be due to 
the presence of increased hydroxide ion concentration which 
may have catalyzed the MPA hydrolysis pathway. 
TABLE 3 
SAMPLE pH BEFORE SCWO, AFTER 
FIVE-MINUTE REACTOR RESIDENCE TIME, 
AND AFTER REACTOR COOL DOWN 
pH 
5 Min. After 
Reactor Reactor 
Test Condition Initial Resid. Time Cool Down 
no additive, hydrolysis 4. 1.6 2.5 
no additive, partial oxidation 4. 1.6 3.6 
no additive, oxidation 4 19 2.2 
NaOH, hydrolysis 12.3 2.1 5.3 
NaOH, partial oxidation 12.3 2.2 6.0 
NaOH, oxidation 12.3 3.6 5.0 
NaCO hydrolysis 11 2.5 6.0 
















SAMPLE pH BEFORE SCWO, AFTER 
FIVE-MINUTE REACTOR RESIDENCE TIME, 
AND AFTER REACTOR COOL DOWN 
pH 
5 Mil. After 
Reactor Reactor 
Test Condition Initial Resid. Time Cool Down 
NaBO, hydrolysis 9 2.8 7.0 
NaBO, partial oxidation 9 3.2 7.3 
Table 3 shows the pH of samples collected after five 
minutes of reactor residence time and samples collected 
after reactor cool down. The pH of each sample was mea 
sured within one hour of sample collection. The presence of 
the additive affected the pH of the sample collected after a 
five minute reactor residence time only slightly. Since the 
pH of the initial solution had increased upon addition of the 
additive, it was expected that the pH of the sample collected 
at Supercritical conditions would also increase. However, the 
effect was only slightly obvious due most likely to the 
precipitation of the additives at supercritical conditions. 
After reactor cool down, the pH of samples collected after 
cool down increased in the presence of the additive. The pH 
increase which occurred between the sample collected after 
five minutes reactor residence time and after reactor cool 
down was a result of the dissolution of precipitated additive. 
It is believed that sodium hydroxide, sodium carbonate and 
Sodium borate dissolved after reactor cool down and neu 
tralized the acidic solution which was observed after the five 
minute reactor residence time. 
Another reason for increases in methane production 
observed in the presence of the additives may be related to 
the solubilities of MPA and phosphate. Solubility tests were 
conducted to determine the solubility of MPA and phos 
phates with and without NaOH. As was observed in solu 
bility tests conducted without additives, phosphate and MPA 
precipitated out of solution at supercritical water conditions. 
These solubilities decreased, in the presence of an additive 
as shown in the following Table 4. 
TABLE 4 
CONCENTRATIONS OF MPA AND H.PO, 
IN THE PRESENCE OF WARIOUS ADDITIVES 
MPA HPO 
Temperature Pressure (mg/kg (mg/kg 
Additive (°C) (MPa) solution) solution) 
None 455.9 26.6 4500 
None 454.5 29.3 30 
NaOH 448.7. 27.9 550 








COMPARISON OF CONCENTRATION OF PHOSPHATE 
AND MPA DETECTED IN SOLUBILITY TESTS AND 




Solubility Concentration 30 4,500 
DMMP Hydrolysis 45 4,700 
Concentration 
DMMP Partial Oxidation 4 6,200 
Concentration 
DMMP. Oxidation 4,000 20 
Concentration 
With NaOH 
Solubility Concentration 10 550 
DMMP Hydrolysis 300 1540 
Concentration 
DMMP Partial Oxidation 350 770 
Concentration 
DMMP. Oxidation 300 <25 
Concentration 
Table 5 shows the measured concentrations of MPA and 
phosphate measured with and without NaOH as well as MPA 
and phosphate concentrations detected during DMMP tests 
conducted with and without NaOH. As was the case without 
the additive, concentrations observed during DMMP tests 
were often greater than the solubility determined due to the 
additional agitation experienced during these tests. The 
impeller was slowed down considerably during solubility 
tests to allow for settling of precipitates. It is speculated that 
as phosphate precipitated out of solution, an equilibrium 
shift in MPA hydrolysis occurred, supporting further forma 
tion of phosphates. As phosphate was removed from solu 
tion, a greater driving force existed for the production of 
methane at low oxygen concentrations. 
Methane may be easily recovered from the effluent at 
ambient conditions. Using adsorptive or membrane tech 
nologies, methane and other higher molecular weight 
alkanes may be separated from other gases such as CO, CO 
and water vapor. Reaction temperature, pressure, and type of 
additive may be optimized based on salt solubility salt-water 
phase behavior and reaction kinetics. 
One skilled in the art would understand in light of the 
present disclosure that ethane, propane or butane or possibly 
higher hydrocarbons, and their isomers, for example, may be 
produced and recovered in a similar manner to the produc 
tion and recovery of methane provided in the present 
example. 
EXAMPLE 3 
LESS CORROSION OCCURS IN THE 
PRESENCE OF ADDITIVES 
The present example describes the effect of additives on 
corrosion products formed during SCWO. 
Samples collected after reactor cool down were analyzed 
for soluble chromium and iron. FIGS. 10 and 11 show the 
quantity of chromium and iron found in samples derived 
from tests conducted at three oxygen concentrations, with 
and without additives. Approximately twelve times more 
soluble chromium and iron were detected during hydrolysis 
and partial oxidation tests conducted without additives than 














of the soluble chromium detected was in the hexavalent 
form. 
Possible explanations for the elevated levels of chromium 
and iron in the hydrolysis and partial oxidation runs con 
ducted without additives include the following. Insoluble 
corrosion products may be formed in the presence of the 
additive, decreasing the amount of soluble iron and chro 
mium in the reactor. Chromium may react with water, 
hydroxyl ions, or phosphates to form insoluble solids such 
as Cr(OH), CrO3, Cr(OH)and CrPO. Iron may also form 
insoluble solids such as, FeO, FeCrO, and Fe(OH). 
These insoluble solids may have formed during heat up, at 
supercritical conditions, or during reactor cool down in the 
presence or absence of the additive. Oxide and hydroxide 
formation may have increased, however, in the presence of 
the additives or oxygen. Upon addition of the additive, 
sodium chromate compounds such as Na2CrO3, NaCr2O, 
or NaCrOs, or sodium ferrite, Na,Fe2O may also have 
formed. Sodium chromate compounds are relatively soluble 
and sodium ferrite decomposes readily (Weast and Astle, 
1982). After reactor cool down, depending on the total 
amount of chromium corroded from the reactor walls, it 
would be expected that most sodium-chromium precipitates 
would dissolve since likely concentrations of sodium-chro 
mium precipitates were below the solubility of these com 
pounds. Therefore, even if chromium were removed from 
the supercritical solution through precipitation with sodium, 
it still would have been detected after reactor cool down 
since it would have dissolved at normal conditions. Because 
of this, it can be assumed that the formation of sodium 
chromium precipitates was not responsible for the removal 
of chromium from solutions which contained additives 
during hydrolysis and partial oxidation runs. Rather, chro 
mium and iron combined with oxides or hydroxyl ions 
which were provided upon additive or oxygen addition. 
Less corrosion may have taken place in the presence of 
additives during hydrolysis and partial oxidation tests due to 
the formation of a protective layer. The formation of 
insoluble solids may have acted as a protective layer along 
the reactor internals, preventing additional corrosion. Pre 
cipitates were visible after the reactor had cooled and was 
opened. Since the solubilities of these solids in supercritical 
water are not known, it is difficult to speculate which solids 
may have acted in this capacity. However tests, conducted 
previously in different types of steel at 160° C., indicated 
that the addition of phosphoric acid to hot formaldehyde 
solutions reduced corrosion due to the formation of a 
protective CrPO and CrOlayer (Gorchakov et al., 1990). 
In addition, it has been observed that phosphate and MPA 
experience decreased solubilities in the presence of addi 
tives. These ions may have combined with sodium ions to 
form a protective layer of sodium phosphate or sodium 
methyl phosphonate. 
Lower levels of soluble chromium and iron quantities 
observed during tests conducted with additives or high 
concentrations of oxygen may have been due to the adsorp 
tion of these metals onto precipitates. Iron and chromium 
may have adsorbed onto insoluble precipitates and thereby 
were removed from solution. Most likely, this phenomenon 
occurred upon the formation of solids which were insoluble 
at normal conditions. Otherwise, these precipitates would 
have dissolved after reactor cool down, resulting in an 
increase in soluble chromium and iron levels. The adsorp 
tion of chromium in supercritical water was studied previ 
ously (Rollans and Gloyna, 1993). They found that trivalent 
chromium was more likely to be adsorbed onto colloidal 
matter in supercritical water as the pH of the solution 
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increased. Since the pH of the solution after reactor cool 
down increased upon addition of the additives, their addition 
may have been responsible for decreased levels of chro 
mium through adsorption. 
EXAMPLE 4 
PRODUCTION OF AMMONIA 
The present example describes the recovery of ammonia 
from SCWO. Ammonia is a major and refractory interme 




of ammonia in this process at selected test conditions 
(reaction temperature, reactor residence time, pyridine and 
oxygen feed concentrations) are shown in FIG. 12 and Table 
7. 
TABLE 7 
AMMONIAYIELD IN SUPERCRITICAL WATER OXDATION OF PYRIDINE 
Reaction Residence Pyridine Oxygen Pyridine Amnonia 
Test Temperature Time Feed Conc. Concentration Conversion Yield* 
No. (°C) (sec) (mg/L) (nolefL) (%) (%) 
668 525 3.9 3530 0.014 53 35.1 
661 527 3.8 3530 0.00 55 32.4 
676 527 3.8 3530 0.020 68 45.6 
541 522 6.6 3050 0.027 94 59.2 
524. 499 7. 3050 0.031 75 70,6 
542 474 7.8 3050 0.035 22 416 
529 451 8.8 3050 0.038 6 25.4 
53 522 6.6 1990 0.024 74. 39.2 
56 499 T.1 1990 0.026 66 57.7 
525 475 T.8 1990 0.029 25 43.0 
Experiment pressure is 27.6 MPa (Crain, 1993). 
*Yield = (amount of nitrogen in ammonia)/(amount of nitrogen in converted pyridine). 
containing compounds, such as, amines (McBrayer et al., 
1993), pyridine (Crain et al., 1993), and sludges (Shanableh, 
1990; Tongdhamachart, 1991). 
According to published kinetic data, the rate of ammonia 
oxidation in supercritical water becomes appreciable only at 
temperatures greater than 550° C. (Webley et al., 1991). 
Using these kinetic data, reactor residence times required to 
achieve various levels of ammonia conversion at tempera 
tures ranging from 400° C. to 600° C. are calculated, as 
shown in Table 6. 
TABLE 6 
RATE OF AMMONIA 
OXIDATION IN SUPERCRITICAL WATER 
Reactor Residence Time (min) 
Required to Achieve 
Temperature Specified Conversion 
(°C) 9% 90% 99% 99.9% 99.99% 
400 774 18888 37775 56663 7.5551 
450 11 2710 5421 83 10842 
500 20 500 1000 1500 2000 
550 5 113 227 340 453 
600 0.1 3 7 O 13 
Calculations are based on the reported first-order reaction 
kinetic model in which pre-exponential factor=3.16x10 
(1/s), activation energy=157 (kJ/mol). Experiment pressure= 
24.6 MPa, temperature range=530° C.-700° C. (Webley et 
al., 1991). 
This table shows that below 450° C., a reactor residence 
time of at least two hours is required to convert 10% 
ammonia, indicating that ammonia is quite refractory at 
low-temperature regions for Supercritical water oxidation. 
Significant ammonia production was observed in super 








The ammonia yield is based on the amount of nitrogen in 
ammonia divided by the amount of nitrogen in converted 
pyridine. For example, at 524° C., 75% of pyridine was 
converted and 71% of the converted pyridine became 
ammonia (Test No. 524). The remaining 29% of the con 
verted pyridine was primarily nitrogen gas and nitrate. 
Pyridine conversion reduced significantly with decreasing 
temperature, whereas ammonia yield remained relatively 
constant. The foregoing examples indicate that if little or 
partial oxidation of nitrogen-containing compounds is 
allowed and process conditions of feed concentration, tem 
perature and residence time are properly controlled, the 
reaction intermediate, ammonia, accumulates and is recov 
erable. 
Hydrothermal processing also offers unusual options for 
ammonia separation and recovery from the reactor effluent. 
Although existing ammonia recovery technologies, such as 
Stripping, may be considered, ammonia can be precipitated 
from supercritical water in the form of ammonium salts by 
adding anion donors, such as, acids and salts, in particular, 
an acid such as HCl. 
The following references are incorporated in pertinent 
part by reference herein for the reasons cited above. 
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It is understood that the examples and embodiments 
described herein are for illustrative purposes only and that 
various modifications in light thereof will be suggested to 
persons skilled in the art and are to be included within the 
spirit and purview of this application and scope of the 
appended claims. 
What is claimed is: 
1. A method of producing and recovering an alkane 
comprising: 
mixing a reactant comprising an alkyl bound to a het 
eroatom, wherein the heteroatom is phosphorus, sulfur, 
nitrogen, arsenic, selenium or a halogen, with an addi 
tive that reacts with the heteroatom or with an oxidized 
heteroatom to form a salt insoluble in supercritical 
water, and 
reacting the mixture in Supercritical water at an oxygen 
concentration favoring alkane production to form an 
alkane; 
whereinformation of insoluble salt effects an equilibrium 
shift favoring alkane production; and 
recovering the alkane by separating it from other products 
of the reaction. 
2. The method of claim 1 Wherein the oxygen concen 
tration is at less than about 20% stoichiometric oxygen. 
3. The method of claim 1 wherein the oxygen concentra 
tion is at less than about 1% stoichiometric oxygen. 
4. The method of claim 1 wherein the alkane is methane, 
ethane propane or butane or isomers of butane. 
5. The method of claim 1 wherein the alkane is methane. 
6. A method of producing and recovering methane com 
prising: 
mixing a reactant comprising an alkyl bound to a het 
eroatom, wherein the heteroatom is phosphorus, sulfur, 
nitrogen, arsenic, selenium or a halogen, with an addi 
tive that reacts with the heteroatom or an oxidized 
heteroatom to form a salt insoluble in supercritical 
water, and 
reacting the mixture in supercritical water at an oxygen 
concentration of less than about 20% stoichiometric to 
form methane; 
whereinformation of insoluble salt effects an equilibrium 
shrill favoring methane production; and 
recovering the methane by separating it from other prod 
ucts of the reaction. 
7. The method of claim 1 or 6 wherein the heteroatom is 
phosphorus, Sulfur or nitrogen. 
8. The method of claim 1 or 6 wherein the oxidized form 
of the heteroatom is phosphate, sulfate or nitrate. 
9. The method of claim 1 or 6 wherein the heteroatom is 
halogen. 
10. The method of claim 1 or 6 wherein the reactant 
comprises dialkyl alkylphosphonate or alkylphosphonic 
acid. 
11. The method of claim 1 or 6 wherein the additive is a 
metal hydroxide, carbonate, borate or oxide. 
12. The method of claim 11 wherein the metal is an alkali, 
an alkaline earth or a transition metal. 
13. The method of claim 1 or 6 wherein the additive is 
NaOH, Na CO or NaBO. 
14. The method of claim 1 or 6 wherein the additive is 
NaOH. 
15. A method of producing and recovering methane 
comprising: 
mixing a reactant comprising an methyl bound to a 
heteroatom, wherein the heteroatom is phosphorus, 
sulfur, nitrogen, arsenic, selenium fluorine, chlorine, 
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bromine or iodine, with a metal hydroxide, carbonate or 
borate to form a salt insoluble in supercritical water, 
and 
reacting the mixture in supercritical water at an oxygen 
concentration of less than about 20% stoichiometric to 
form methane; 
whereinformation of insoluble salt effects an equilibrium 
shift favoring methane production; and 
recovering the methane by separating it from other prod 
ucts of the reaction. 
16. The method of claim 15 wherein the metal is an alkali, 
an alkaline earth or a transition metal. 
17. The method of claim 15 wherein the heteroatom is 
phosphorus, Sulfur or nitrogen. 
18. The method of claim 1 or 6 wherein the reactant is a 
component of wastewater. 
19. The method of claim 1 or 6 wherein the reactant is a 
component of sludge. 
20. A method of producing and recovering an alkane 
comprising: 
mixing a reactant comprising an alkyl bound to a het 
eroatom, wherein the heteroatom is phosphorus, sulfur, 
nitrogen, arsenic, selenium, fluorine, chlorine, bromine 
or iodine, with an additive that reacts with the heteroa 
tom or with an oxidized form of the heteroatom to form 
a salt insoluble in supercritical water; and 
reacting the mixture in water at a temperature from about 
350° C. to about 500° C., a pressure of greater than 
about 22.1 MPa and at an oxygen concentration favor 
ing alkane production to form an alkane, 
whereinformation of insoluble salt effects an equilibrium 
shift favoring alkane production; and 
recovering the alkane by separating it from other products 
of the reaction. 
21. A method of producing and recovering methane, 
ethane or propane, comprising: 
mixing a reactant comprising an alkyl bound to a het 
eroatom, wherein the heteroatom is phosphorus, sulfur, 
nitrogen, arsenic, selenium, fluorine, chlorine, bromine 
or iodine, with an additive that reacts with the heteroa 
tom or with an oxidized heteroatom to form a salt 








reacting the mixture in supercritical water at an oxygen 
concentration favoring production of methane, ethane 
or propane to form methane, ethane or propane; 
wherein formation of insoluble salt effects an equilibrium 
shift favoring production of methane, ethane or pro 
pane; and 
recovering the methane, ethane or propane by separating 
it from other products of the reaction. 
22. A method of producing an alkane comprising: 
mixing a reactant comprising an alkyl bound to a phos 
phorus, sulfur, nitrogen, arsenic, selenium or halogen 
heteroatom with an additive to form a mixture; and 
heating the mixture under supercritical water conditions 
and at an oxygen concentration of less than about 1% 
stoichiometric oxygen so as to hydrolyze the alkyl 
bound to the heteroatom to form an alkane and at least 
one by-product heteroatom or oxidized heteroatom; 
and 
wherein the additive reacts with the by-product heteroa 
tom or oxidized heteroatom to form a salt insoluble in 
supercritical water, and 
wherein formation of the insoluble salt effects an equi 
librium shift favoring alkane production. 
23. A method of producing methane, comprising: 
contacting a methyl bound to a heteroatom under super 
critical water conditions in the absence of oxygen and 
in the presence of an additive such that the methyl 
bound to the heteroatom hydrolyzes to form methane 
and a residue heteroatom or an oxidized heteroatom; 
and 
wherein the additive and the residue heteroatom or the 
oxidized heteroatom form an insoluble salt in super 
critical water which effects an equilibrium shift favor 
ing methane production. 
24. The method of claim 1, 6, 15, 20, 21, 22, or 23 wherein 
the heteroatom is phosphorus and a phosphorus derivative is 
present in the form of a phosphate salt or as a phosphorus 
based acid in either the precipitate or supercritical water 
phase. 
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